ABSTRACT Zero head discrete Fourier transform (DFT) spread spectral efficient frequency division multiplexing (ZH-DFT-s-SEFDM) as a non-orthogonal multicarrier transmission scheme is proposed for the bandwidth compressing. A zero head DFT spread approach consists in this waveform design for reducing the peak-average-power-ratio (PAPR) and suppressing the out-of-band emissions introduced by the inter symbol interference and the inter carrier interference. Simultaneously, the corresponding receiver design is given, and a low complexity zero-forcing (ZF) detection algorithm is attached to the ZH-DFT-s-SEFDM receiver design. As the loss of orthogonality, the conventional SEFDM detector is overly complex, and however, the ZF detector as a linear detector performs well in the ZH-DFT-s-SEFDM system by adjusting the length of zero head. Simulation results show that the ZH-DFT-s-SEFDM signal achieves lower out-of-band emissions and a better PAPR performance than the conventional SEFDM signal at the same bandwidth compressing ratio. The binary error ratio (BER) performance of a ZH-DFT-s-SEFDM receiver with a ZF detector is also investigated. It performs better as the longer zero head inserted, and can achieve the better BER performance than conventional SEFDM and OFDM at the low signal-to-noise-ratio (SNR) for a particular number of zero head, and the BER performance of ZH-DFT-s-SEFDM remained the same as OFDM and traditional SEFDM at the high SNR.
I. INTRODUCTION
The Internet of Things (IoT) has enabled a promising industry and applications, such as smart cities [1] , unmanned aerial vehicle network [2] , radio-frequency identification (RFID) [3] , hybrid satellite-terrestrial systems [4] , and wireless sensor network [5] . The development of massive connected devices will lead to spectrum scarcity [6] . With the limit of spectrum resource, unprecedented levels of spectral and energy efficiency are expected to support the new service requirement in 5G communication systems, such as machine type communication, the internet of things. Spectral efficient frequency division multiplexing (SEFDM) is originally proposed in [7] . As a non-orthogonal multicarrier technique, SEFDM provides improved spectral efficiency by packing subcarriers less than the symbol rate [8] , and has been experimentally implemented in optical [9] - [11] , wireless [12] , [13] , and hybrid systems [14] .
Based on SEFDM, a new waveform termed Nyquist-SEFDM which simultaneously compresses bandwidth and reduces out-of-band emissions is reported in [15] , sub-carriers at frequencies are also packed below the symbol rate, and a special root raised cosine pulse shaping filter is employed for each sub-carrier. However, the doubly created interference introduced by non-orthogonal sub-carriers and pulse shaping filters significantly increases the complexity of detection in the receiver. The optimal envelopes of SEFDM signals are proposed for increasing spectral and energy efficiency at fix data rate [16] , where the longer signal duration with the same symbol data rate is applied to each subcarrier frequency, and multistep optimization problem about the set of signal duration and sub-carrier interval is proposed and numerically solved.
Disadvantages of SEFDM signals are similar to the main disadvantages of multi-frequency signals, such as the high peak-average-power-ratio (PAPR) causes significant degradation of efficiency of power amplifier and increases power consumption, and low reduction rate of out-ofband emissions increases additional energy losses. Nonlinear distortions caused by the nonlinear power amplifier result in the spectral broadening. The influence of input power back-off on BER performance is evaluated in [17] , and the operating point of power amplifier chosen for bandwidth requirement makes the input power back-off critical, decreasing input power back-off below critical value results in significant bandwidth growth. The large out-of-band emissions can potentially interfere with existing neighboring transmissions. An approach for bandwidth reduction is proposed by means of doubling the duration of the signals used for each subcarrier frequency in [18] . For the case of reducing out-of-band emissions with maintaining the symbol rate, an optimization procedure corresponding to energy losses and cross-correlation is solved. Numerical results show that the usage of the optimization procedure achieves a higher outof-band emissions reduction rate. However, the application of smoothed form of envelope leads to more PAPR increase.
For SEFDM, signal detection is challenged by recovering signals from non-orthogonal interference. Maximum Likelihood (ML) detectors have demonstrated an attractive BER performance. However, the excessive complexity makes it unrealizable in practical systems when a large-scale system is used. The sphere decoding (SD) has been proposed as an alternative, providing ML performance with reduced complexity [19] . Truncated singular value decomposition-fixed sphere decoding (TSVD-FSD) [20] and iterative detection-FSD (ID-FSD) [21] are applied to SEFDM receiver to recover signals from inter-carrier interference. However, such detectors are all limited to small system size. Also, a soft detector is proposed for turbo coded SEFDM [22] . And a low complexity detector based on quasi-orthogonality compensation (QOC) is proposed, further QOC-FSD detector is given [23] .
In this paper, a new transmission system termed ZH-DFTs-SEFDM for bandwidth compression with low PAPR and high out-of-band emissions reduction rate is proposed, and the corresponding receiver design is also given. In this work, the IFFT-based method proposed in [24] and [25] is used to generate SEFDM signal. Usage of the zero head Discrete Fourier Transform (DFT) spread approach provides a set of very low samples in the head of each time transmitted signal, which makes the new waveform achieve better out-of-band emissions restraint with significantly decreasing the PAPR of transmitted signal. Finally, the BER performance is investigated and compared with a conventional SEFDM system. Fig.1 . N subcarriers and K -point IFFT operator are used for generating SEFDM time signal. The generated baseband SEFDM signal can be represented as The bandwidth compressing factor α = N /K determines the level of the bandwidth compression, and for a special case α = 1 corresponding to an OFDM signal. Fig.2 shows the SEFDM receiver model. The received time domain sample signal can be represented as
II. SYSTEM MODEL
The time domain sample signal implements K -point FFT transforming through inserting zeros with the number of K -N following the tail of time domain SEFDM symbol. The frequency domain signal can be written as
Due to the loss of orthogonality between SEFDM subcarriers, an additional demodulator to mitigate ICI is necessary before the symbol mapping at the receiver side. Finally, the frequency domain signal can be detected as the estimate of information bits.
B. PROPOSED ZH-DFT-s-SEFDM
As is depicted in Fig.3 , the ZH-DFT-s-SEFDM transmitter model has been given. We consider a data symbol vector 
with the k-th element of X can be represented as
where M = N − N h , F N denotes the normalized N -point DFT transformation matrix, the n-th row and the k-th column element is
The output signal vector of DFT block X is then mapped into K subcarriers and K-N points zero are padded following the tail of X, X = X T 0 T K −N T , and X is processed by K -point IFFT, whose output is truncated with only the first N samples retained while the rest of the samples are discarded.
The time domain transmitted ZH-DFT-s-SEFDM signal
T is obtained as
with the n-th element of x can be represented as
where N (·) denotes the operator to extract the first N points data,
K is the K -point IFFT matrix, the n-th row and the k-th column element is defined as
and F IFFT denotes the first N rows and N columns of
By using Eq. (5) and Eq. (7), the n-th time sample of ZH-DFT-s-SEFDM signal can be written as
where the bandwidth compress factor α = N /K . The corresponding receiver model for ZH-DFT-s-SEFDM is shown in Fig.4 . The received time domain sample signal implements K -point FFT transforming through inserting zeros with the number of K -N following the tail of time domain ZH-DFT-s-SEFDM symbol, i.e.,
where r denotes the received sample signal vector,
and n denotes the channel input Gaussian white noise vector. The signal vector of the output of FFT can be written as
where F K is the K -point FFT matrix, the k-th row and the n-th column element is defined as
And F FFT denotes the first N rows and N columns of F K , Similarly, the output signal vector R is truncated with only the first N samples retained while the rest of the samples are discarded, and then the retained samples are sent to the IDFT block for N -point IDFT transforming. The output signal vector of IDFT can be obtained as
where
N denotes the normalized N -point IDFT transformation matrix.
III. PERFORMANCE ANALYSIS A. OUT-OF-BAND EMISSIONS PERFORMANCE
As the zeros vectors 0 T N h is added to the head of data symbol vector d T , it will be spread over the beginning of K -point IFFT. For the purpose of bandwidth compression compared to OFDM using the same number of subcarriers, the sampling frequency is chosen as F s = N f , where f is the subcarrier spacing for SEFDM, then there will be N samples in one SEFDM signal period T , and f = α/T .
FIGURE 5. The illustration of ZH-DFT-s-SEFDM time signal.
As is depicted in Fig.5 , the head of SEFDM time domain samples is highlighted, the length of zeros vectors 0 T N h is corresponding to the zero head of SEFDM time domain transmitted signal, assuming K = 256, N = 114, N h = 14,α = 0.5. In fact, the zeros head with lower power is nonzero but far smaller than the average transmitted power, which is expected to reduce the out-of-band (OOB) emissions of signal with respect to the conventional SEFDM signal.
The data symbol at position z concentrates most of its energy in the position zK /N of the time domain signal vector x [23] . Let L represent the length of the corresponding zero head in the time domain signal,
where, x denotes the nearest integer no less than x, N h is the length of zero head inserted overhead data symbols and α is the bandwidth compressing factor. From Fig.5 , we can see that L = T can be expressed as
Substituting Eq. (4) to Eq. (18), Eq. (19) can be rewritten as
where W = F IFFT · F N · Q, Q is a diagonal matrix with dimension N × M denoting the operation of zero head insert-
Then, the vector of the average power of x h can be calculated as
The average power of modulated symbols is assumed to be unitary, then the m-th element of P h (m)can be obtained as
Keeping in mind that M as the number of modulated data symbols is generally assumed larger than the zero head. Therefore, m/K = n, ∀n. Consequently, the power of zero head P h (m), m = 0, . . . , L − 1 achieves zeros. As the ZH is added to the head of data symbol vector, it will be spread over the beginning of K-point IFFT. The transmitted signal has a head with non-zero but far smaller than the average transmitted power, which ensures the signal does not generate power regrowth.
To analyze the power spectral density of the transmitted SEFDM signal, a truncated time domain baseband signal can be get as
where g (t − nT S ) is a continuous time window function, and T S is the period of a SEFDM symbol. Now, we take the Fourier transform of both sides of Eq. (3), the spectrum of the SEFDM time domain signal is found as
is the Fourier transform of g (t − nT S ). The power spectral density of x L (t) can be obtained as
where R (m) is the autocorrelation function of the SEFDM time domain samples, and which is given as
B. DETECTION PERFORMANCE OF RECEIVER
Due to the loss of orthogonality between adjacent subcarriers, the non-orthogonal receiver should be designed with an additional demodulator to cancel the interpolation distortion. The inter-carrier interference in SEFDM system can be considered as a nonlinear distortion. In fact, an iterative method as a compensation approach against the distortion caused by linear or nonlinear operations has been applied in SEFDM system. If a signal S is distorted by a distortion operation described by a distortion matrix G, hence,Ŝ = GS, then the signal S can be reconstructed from the distorted versionŜ.
As is shown in Fig.6 , this iteration method can be represented mathematically as
where λ is the relaxation parameter, S n is the output after n iterations and S 0 = GS, S n−1 is the output after n-1 iterations, and I denotes the unitary matrix. For this iteration method, if the power of distortion has a power which is less than the power of the signal S − GS 2 < S 2 , then the desired signal can be reconstructed after an infinite number of iterations by the iterative method. If G is a nonlinear distortion operation, a proper selection of the relaxation factor λ can speed up the reconstruction. When the iteration method is applied in the SEFDM receiver, the distortion matrix G is corresponding to the correlation matrix that describes the interferences between the subcarriers. Hence, G can be obtained as
The ID algorithm for SEFDM receiver is described in Algorithm 1.
In the proposed ZH-DFT-s-SEFDM receiver, ZF detector is applied to the ZH-DFT-s-SEFDM receiver design. In the receiver, using Eq. (12) and Eq. (17), the output of the IDFT block can be rewritten as
Algorithm 1 ID Algorithm for SEFDM receiver Input: S 0 , λ, G, iteration Initialization:
for n = 1: iteration
Substituting Eq. (7) to Eq. (29), the Eq. (29) can be written as
Next, using Eq. (4), the Eq. (30) can be represented as
After extracting the data subcarriers,
where Q denotes the data extracting matrix with dimension M × N , which can be calculated as
N F FFT F IFFT F N , then the output of ZF detector can be obtained as
The ZF algorithm for ZH-DFT-s-SEFDM receiver is described in Algorithm 2.
Algorithm 2 ZF Algorithm for ZH-DFT-s-SEFDM receiver
Output: 
C. PAPR PERFORMANCE
The PAPR of ZH-DFT-s-SEFDM signal is evaluated. The PAPR is calculated as
where E {·} denotes the expectation operator. The CCDF of the PAPR is defined as
IV. SIMULATION RESULTS
In this section, the performance of out-of-band emissions, PAPR and BER for the proposed ZH-DFT-s-SEFDM system are evaluated numerically with respect to the traditional SEFDM system. In Fig.7 , the power spectral density for the SEFDM, DFT-SEFDM, ZH-DFT-s-SEFDM are provided. The DFT-SEFDM means that the length of zero head is 0. Fig.7 (a) ∼ (d) show the power spectral density for different bandwidth compression factors α = 0.5, 0.7, 0.9, 1, QPSK modulation, and N = 512 subcarriers are used. The length of zero head is set as N h = 12 for the ZH-DFT-s-SEFDM signal. Specially, the waveform structure becomes OFDM when the bandwidth compression factor α = 1. To estimate the power spectrum, the Welch's averaged periodogram method is utilized. From this four pictures in Fig.7 , it can be seen that the ZH-DFT-s-SEFDM shows better out-of-band emissions performance compared to SEFDM and DFT-s-SEFDM. Besides, DFT-SEFDM has almost the same power spectral density as SEFDM, indicating that DFT as a orthogonal transformation method benefits nothing for the out-of-band emissions. The presence of the zero head performs a deep fading in power domain between adjacent time symbols as is shown in Fig.5 , which is sufficient for maintaining a low residual power on the adjacent subbands. Moreover, an extremely short zero head can achieve considerable out-of-band restraints. Fig.8 shows the CCDF of the PAPR for the ZH-DFT-s-SEFDM with QPSK modulation and compares it with the SEFDM, DFT-SEFDM, where the number of data subcarriers N = 512, and the length of zero head N h = 12 for the ZH-DFT-s-SEFDM. There are two curves groups in Fig.8 , denoting the CCDF of the PAPR for SEFDM, DFT-SEFDM, ZT-DFT-s-SEFDM respectively at different bandwidth compression factors = 0.5, 0.9. From each group, we can find both ZH-DFT-s-SEFDM and DFT-SEFDM have much better PAPR performances at the same bandwidth compression factor. Fig.9 shows CCDF of the PAPR for ZH-DFT-s-SEFDM signal with QPSK modulation at the bandwidth compression factor α = 0.7, where the number of subcarriers is N = 512. There are six curves corresponding to the different number of zero head inserted overhead the data transmitted symbols, respectively, N h = 0, 2, 12, 22, 112, 212. The options of N h are set randomly just for simulations, which is expected to investigate the effect of the length of zero head on the PAPR of ZH-DFT-SEFDM through numerical experiment. It can be observed that the PAPR of ZH-DFT-s-SEFDM increases as the length of zero head increases, and a lowest PAPR boundary with respect to N h = 0. Therefore, we can find that the DFT spread plays a primary role to reduce PAPR. The zero head contributes a drawback in this issue on the contrary especially as the length of zero head increases. The BER performance for proposed the ZH-DFT-s-SEFDM receiver is investigated and the performance curves in AWGN channel are shown in Fig.10 . For the BER performance simulations, QPSK modulation is adopted, the number of subcarriers is assumed to be N = 7 and the bandwidth compression factor is set as α = 7/8. The BER performance for ZH-DFT-s-SEFDM receiver with ZF detector is calculated comparing with SEFDM receiver with ID detector and the special case OFDM for α = 1. Form Fig.10 , there are five curves, respectively, denoting the BER performance of OFDM, SEFDM with ID detector, and ZH-DFT-SEFDM receiver with ZF detector for the number of zero head N h = 3, 4, 5. It can be seen that the ZH-DFT-SEFDM receiver with ZF detector can achieve the similar BER performance as SEFDM receiver with ID detector at the high signalto-noise-ratio (SNR) for a particular number of zero head N h , moreover, there exists a value of N h which can make the BER performance of ZH-DFT-SEFDM approach to the OFDM system, moreover, it performs better at the low SNR. Besides, focusing on BER curves of ZH-DFT-s-SEFDM receiver with ZF detector, the BER performs better as the number of zero head inserted increases.
V. CONCLUSION
In this paper, a new transmission scheme for bandwidth compressing based on SEFDM termed ZH-DFT-s-SEFDM is proposed, the signal generation method and the corresponding receiver design are all given. The performance of out of band emissions, PAPR and BER are all evaluated.
The ZH-DFT-s-SEFDM signal is generated by zeros padding first, then DFT spread is applied, finally, the IFFT-based SEFDM transmitter structure is successively used. The zero head DFT spread approach is applied to SEFDM system, such signals with zero head have better spectral containment and significant lower PAPR performance than conventional SEFDM signals. In addition, the time domain zero head is a part of the IFFT output rather than being appended, even if the power value of the head of ZH-DFT-s-SEFDM is not real zeros. However the samples of the head with power far less than the average power can be considered as a unique sequence, which can be used for time/frequency tracking. Moreover, a foreseeable advantage is that the head between adjacent symbols may further be set larger than the delay spread of channel to mitigate channel fading. A low complexity ZF detector is attached to the ZH-DFT-s-SEFDM receiver design, the BER performance depends on the number of zero head at a fixed bandwidth compression factor, and it performs better as the number of zero head inserted increases. Moreover, the BER performance of ZH-DFT-s-SEFDM receiver with ZF detector can achieve better performances than OFDM system at a particular number of zero head. 
